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Our discovery of semiconmcting behavior in the mix~d-valence

compound Ce3Bi+Pt3 has revitali :ed theoretical and experimental interest

in related systems, eg. SmBtj, YbBlz, and SmS, which have been known for

over a decade, Before Ce,lBi4Pt3 these other compounds were considered

curiosities among mixed-valent nvaterials, which normal ly arc

tnctallic-like, With the addition of Ce:1Bi4Pt~ and racently others, such

as CeNISn, CeRbSb and UOSb.lFt:l, it has become clear that these

semiconductors, with energy gaps typically 10 - 100 K, form an important

subset of materinls with strong electronic correlations, now called Kondo

insulators. We have characterized single crystals of Ce.~IlilPt:\ through

temperature dependent resintivity and lattice con~tant at ambient and

high pressures, Hall number, nmgnetoresista.nce, thcrmelectric power,

tmgnctic susceptihllity, specific bent und inelmstic neutron ficattering

measurements, as well as through vurious substitutions for Cc rind Pt.

Results of these measurements arc rcvlewcd ttnd compnrctl to whnt is known

ubout other mixed-valent mcInls nnd irlsulntors, Although much rermtins 10

b“ explored, it nppcnrs thnt Kondo ft~%ulntor~ cun bc dcscribcd ms nl~

unu~unlly %Implc rcnllzntinn of the Anrlrrrion I.ntticr Itlmtltoninn. 111

thi~ Ihuniltoninn, stron~ electronic corrrlnltnnx ronormnli7cd thr hnrr

f-]rvrl to bc degcnorntn with thr rolldu(’tlc)n }Mlld %Ul”h tlult 1 1)(’



renormalized f-level hybridizes with conduction electrons to form lower

and upper hybridized bands. A serniconducting ground state may appear if

the renormalized f-level hybridizes with only a single, broad conduction

band at the Fermi energy. if the electron count, which includes the

strongly interacting f-electrons, is exactly two, the lower-hybridized

band will be filled and the upper band empty. As such, this ciass of

materials offers the possibility of a detailed comparison between theory

and experiment and the hope of a more complete ur,derstanding of both

strongly correlated insulators and metals.
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INTRODUCTION

The inlerplay between electronic and magnetic correlations in certain 4f and 5f

interrnetallic compounds has been shown~ to lead to novel ground state properties,

including strongly renormalizedeffective electron masses, homogeneousmixed valence

of the f-configurationand unconventionalsuperconduct;vitv, Wheretusthe vast majority

of these compounds are metallic at low temperatures, h few examples, such as SmB6

(Ref. 2), SmS (Ref. 3), and YbB12(Ref. 4), have been known for some time to be small-

gap semiconductors,with gaps of order 100K. Within the past two or three years several
new examples have been discovered, notably in Ce$s and U9 compcwnds,suggesting

that small-gap semiconductors may bc a general consequence of strongly infracting

electrons, With very few exceptions, the crysud structures of these materials arc cutuc



which, as will be argued, is favorable for the appearanceof a small gap in the electronic
spectrum. Further common featww are temperature variations in the cubic lattice

parameter, in magneticsusceptibilityand in L-edge absorptionspectra that are consistent

with an unstable f-cordlguratbn tuising from hybridization between f and ligand

electrons. The extent to which the physics of these small-gapsemiconductorsis similar
to metals with otherwise simihr propeties remains an outstanding question but their
analogous behavior to Kondcdattice metals has led to the terminology Kondo
insulatorslotlL In the following we review transport and thermodynamicproperties of

the small-gap semiconductor Ce3Bi4Pt3 and discuss them in relation to what is known
about other Kondoinsulatorsand metals.

RESULTS

Ce3Bi4Pt3
Figure 1compares the temperature-dependentresistivityp(T) of single crystal

Ce3Bi@t1 Lsi3Bi4Pt3and PrsBkPt3. Whereas P(T) for tie isostructural La md I%

analogues is typical of dirty intermetalliccompounds,that of the Ce compoundincreases
strongiy with decreuing temperature. An Ahrrenius plot of the Ce3Bi#t3 data shows
activated behavior above approximately 50K, with an activationenergy A=SOKor gap

energy Eg = 2A of about IOOK,if the Fermi level lies in the center of the gap*. Below

SOK,pn) inCmUS less rapidly ~WI ex~nenti~lyt wi~ tie d~viation from ~ti~a@d
behavior depending on sample quality, For crystals prepared witi higher pu~ity(Ames

Laboratory) Ce, the Ahrrenius plot remains activated to lower temperatures but the
magnitudeof A is relatively insensitiveto theseeffects, suggestingthat small amounts (of

order 0.1%) of impurities introduce electronic stmes in the gapped region. A cmde
measure of sample quality, therefore, is the resistivity ratio p(2K)/p(300K) which

approaches 1000 in the “best” crystals. Even in these, one should consider the low.

temperaturetranspofi to be influencedby extrinsic effects.

Similar conclusions are drawn from Hall-coefficient RH and thermoelectric power
measurementslz which show above about SOKtemperaturedependence chu-acteristicof

an electronic gap Eg=100K,but at lower temperatures both are dominated by parallel

conductionchannels e,risingfrom impurity SUNCSin the gap, Above the extrinsic carrie)”-

dominated regime the H~] mobilityls, I-RH/P, saturates to a small, ternperaturc-ifi-

dependcntvalue of 10 cmVV-aec,suggestingstrong scattering of carriers with enhnnctxl

effective mass,

As to be expected for a small-gap semiconductor, the electronic contribution to ihc
specific heat~of Cc3Bi4113is s~nall,~ = 3mJ/mole’CeK2,a value about orw-thirdtha[ of



La3Bi4Pt3, That a measurable contribution is found at all reflects the presence of

extrinsic carriers. Applicationof a 10T-magneticfield has no effect on the speciffc heat
in the temperature interval 1.5da20K of the measurements, This result contrasts to
observations14on the otthorhombic, small-gap (A = SK) semiconductorCeNi which Sn

in CYTat low temperaturesincreasesby about a factor of two when an 8T field is applied

along the a-axis. This could arise becausethe ratio of field-strengthto gap-energydiffers

substantially in these two experiments and/or from the snisotropic nature of the energy

gap in CeNiSn. Magnetoresistancebehavior in these two materials will be discussed

below.
Evidence for mixed-valencenature of the 4f configuration is found in the magnetic

susceptibility x and thermal expansion of Ce3B@t3. Figure 2 shows x versus

temperature for a Ce3Bi4Pts crystal produced from Ames Laboratory Ce. The
temperaturedependenceis Curie-Weissabove - 100K,with an effective moment
pep2.42PB/Ce and a paramagnetic ep=-125K. The broad peak in x, centered at Tx

=80K, is characteristic of metallic mixed-valence compounds having a Kondo
temperatureTK * (3-4)TX=240.320K(Ref, 6). In contr~t to ~fier m~ufemen~ on

samples prepared with less-pure (99.!%) Ce that showed a pronounced “Curie-tail” at
low temperatures, the data of Fig. 2 approach a constant value x(O)* 2.3x1O.3

emu/rnole”Ce. This Iargc x(O)mosf definitely is not Pauli-like and possibly arises from

an unquenched orbital contribution of the 4f moment that gives a Van Week-type
susceptibilitywiih characteristicenergyon the order of A.

Inelastic neutron scattering measurementsls cm powdered single crystals
reoroduce the temperaturedependenceof the static susceptibility,as also :?own in Fig, 2,

What is not apparent in Fig, 2 but is revealed by neutron scattering is that below

approximately 50K a well-defined gap in the spin-spin correlation function develops,

(See Fig 2 insel.) At 2K, this gap is 12 meV (140K),a value comparableto Eg inferred
from transpoi; measurements and below which magnetic intensity is zwo, The gap

remains well-defined to 25K but above !50Kmagnetic scattering st ,srnallenergy transfer

develops rapidly with increasing T. By 150K, the magnetic scattering is quasi-elastic

like, consistent with a TK inferred from susceptibility measurements. Similar conclu-

sions are drawn from ?NMRs[udieslb, Evidence for a spin-gap has also been reported in

the small-gap semiconductorCeNiSn17and in the mixed-va]entmetal Yb.A13(Ref. 18),

Temperature variations in the cubic lattice parameters~ of CesBi#ts and Ls3BQP13

are givcu in Fig, 3(Q), An anomtdousdecrmse in U}is seen below IOOKfor Ce3Bi4P[3,

which for metallic Cc compoundswould be argued as an indication of admixed 4fl~and

4fl configurulions, (Preliminary LII@ge x-ray absorption experiments on Ce3Bi4Pq



indicate an f-occupancy nf = 0.9)19. The 4f-ccmtributionto the volume-thermal
expansion is displayedmore obviously in Fig. 3(b) where the volume thermal expansion
coefficient II?= 3~(ha#~T of both compounds and their difference & = ~~~~ are

plotted as a function of temperature. The difference # peaks at T@ - 50K. By
Maxwell’srelations, then, the pressure derivative of the 4f entropy also peaks at TAP.

Similar rneasurementszoperformed with the samples subjected to an applied pressure of
17.7 kbar give TA@~ 85K and, from a comparison of the ambient and high pressure

data for Ce3Bi&t3,a T+O bulk modulusof about 950 kbar. An analysis of these results

yields a Gruneisen parameter Q=36 comparable to that expected of a metallic-mixed

vslent compoundwith a TKof 200-300K

A remarkable obsewation13is that the difference in lattice parameters ~ between

that of Ce3Bi&t3 and LajBi4Pt3is linear in the productxT, as shown in Fig. 4(a). In the

absence of intmctions, XT is just the volume density of moments contributing to the

susceptibility. A linear fit to these data gives xT=-27.3I+AM2.76 (cmuOK/mole”Ce).A
second interesting obsmation+ is tha~ as shown in Fig. 4(b), the function l/(l+cxp(A

~)) linearizes A%(T) to a good approximation. More precisely ~=-O.529/(l+exp

(120n))+.099 (A). We note that the numerator in the exponential is very close in
magnitude to the value of the gap in the spin-spin correlation function measured at low
temperatures by inelastic neutron scatteringl~ and to the paramagnetic ep found from

fitting a Curie-Weiss-formto the high-temperaturesusceptibility(Fig. 2). Together the~

two relationshipsallow the temperature-dependentsusceptibilityto be calculateddirectly,

the results of which arc shown in Fig. 2 as the solid line. The relatively good agreement

between measured and calculated values of x above - 30K confirms consistency in the

pararmterizations of Aao(T); but perhaps more significant is that when x(T) is viewed

this way no Curie-WeissOp, ie., no interactionsin the conventionalsense, is required to

understandthe temperaturevariationsin x at low‘PI.
To probe the ground state of Ce3M@t3in more detail, the response of the electrical

resistivity to upplied magnetic fields and pressures has been measured, Fig. 5(a) shows
the magnetoresistance Ap/p=[P(H)-JXH=O)]/P(H=O) of Cc~Bi4Pts at selected
temperatures, Al low temperatures,AP/Pis strongly negativeat high fields but exhibits a

weak positive contribution at low fields, (Preliminaryrneasurcments2zat 4K in fields to

50T find an approximatelytwo-order-of-magnitudedecrease in the resistivity, so that the
sample is nearly mtmdlized by a field comparable to A. Similar results have been

repcxtedz~for CeNiSnwith H=1lT parallel to the orthorhombica-axis,) With increasing

temperature, the positive contribution dominatesat M fields below IOT. h unusuully



large, positive magnetoresistanceis also found in the non-magneticanalogue La3B~Pts

(Fig. 5(b)) that saturates at progressively lower fields with demasing temperature and
can be scaled to fit the positive &/p in Ce3Bi4Pt3(Ref. 24). Given the low mobility in

Ce3BL@t3and comparable values of room-temperature resistivity in the Ce and La
compourlds,we believe this field and temperaturedependencereflects the condition UC7

- 1 at about lT, where ~ is the cyclotronfrequency. Comparisonof Fi,~s.5(a) and (b)

then suggeststhat the room-temperatureband structuresof both materials are similar and
that the 4f interaction with the common underlyingelectronics results in the appearance
of the gap in Ck3Bi4Pt3 and its large negative&YPat low temperatures.

From the linear relationship found in Fig. 4(b) and the observtion~ that at low
temperaturesAaoincreases with pressure, it is straightforwardto show that &i@PMl, if
A in Fig. 4(b) is associated with the spin or charge gap. That is, decreasing the cell

volume, which favors stronger admixture of the 4fo conf~guration,should enhance the

gap. Figure 6 gives resistance versus tempmtum measurements for Ce3Bi4Pt3at

pressures to over 16 kbar. These experiments were performed on an early sample in
which P(2K)/P(300K) was only 30, In spite of this, the data clearly show trends

consistent with &L@PA. At the highest pressures, the low-temperature resistance

amrates, most likely reflecting parallel conduction by impurity states in the gap.
Dependingon details of the analysis,we find that MuUaP ranges from 0.05 to 0.16

kba.rl consistent with the Gruneisen interpretation of the pressure-dependem thermal

expansior?o. This result contrasts to observations250~on SmB6 and YbB12in which
pressure suppressesthe ele~tronicgap. In the case of SmB6,deniUaP varies from -0.02

to about -0.03 kbar-1dependingon thesample. (The sign difference betweenCe3Bi@t3
and SMB6in their logarithmicderivativesof A sre reflected as well in sign differencesin

their 4f-derived thermal cxpansion20.2T.)
At pressures of 55 to 70 kbur the electronic gap in SmBb is closed and the

temperature-dependentresistancebecomesthat of a typical Kondo-latticemtxallobzs.X-
ray diffraction at room temperature indicates~ the valence of Sm changes from 2,8 at

P=Oto 2.9 at 60 kbar. Thus, with applied pressurethe magnetic 4P configurationof Sm

is favored over the 4@ (J=O), leading to a decrease in charge hybridization and an

approachto the Kondo-limit. Similar argumentsapply to YbB12. On the other hand, the

4fo configurationin Ce is tavored at high pressureand we expect a more strongly mixed-
va.lent, less magnetic ground state. In these materia.is, then, A tracks the expected

changezgwith pressure in charge/spin hybridizm.io~~and no; band filling because in all

cases the 40v1 configuration is stabilized rel~ttiveto the 4~ with decreasing volume.

The small-gapsemiconductorCcNiSndoes not follow the expected response to pressure;



instead of &VaP being positive, the gap closes at a rate 8@AfaP _ -0.03 kbar 1 and

extrapolatesto A=Oat a critical pressureof about 30 kbarso. A possible interpretationis

that the anisotropic gapsl, not obsewed in these measurements on a polycrystalline
sarnpleso, is shunted by conduction through non-gapped regions of the Fermi surface.
Pressure studies on single crystals of CeNiSn should prove valuable in resolving this
possibility. “

Substitution Studies
Lutetium substitutionssz for Yb in YbB12 and La Substitutionssqfor Sm in SmEG

rapidly metallize these Kondo insulators which have gaps comparableZ4,bto @Bi#t3.
Becaw. Lu is smaller than Yb but La is larger than Sm, this immediately suggests that

the primary role of the dopant is not to suppressthe gap by chemicaJpressure. However,

in both cases the 4f-sublattice periodicity is broken and nonmagnetic, trivalent atoms
replace those with some divalentcharacter.

In the case of (Ccl.XLaX)@i4Pt3,La substitutionsalso induce a metallic, Kond@ike
state, shift the maximum in x to lower temperatures and produce a contribution to the

electronic spec~lc heat y that is consistent with a Kondo temperature of about 300K6

Previously we have establishedlz that, for La concentrationsaboveabout x=O.20,
‘ya VI’X. Experimentally, the proportionality agrees quantitatively with the prediction

from a Bethe ansatz solution of the Coqblin-Schrieffer model. Figure 7 shows that
within uncertainties in absolute values of x the electronic specific heat per mole Q is
also proportional to 4X over tie range studied 0.015=x< 0.5. Such a relationship has

been predicted~ recently to arise from an impurity band of Kondo holes produced by

breaking translational invariance of the Ce sublattice through non-magnetic

substitutions, (We note that in Ce3Bi4(Ptl.XAuX)3,gold substitutions for Pt also
metallize the compound but in this case y ocx for x=O,1and 0.2,)

Similar studies have not been performed for other rare-earth (RE) substitutions.
However,resistivity,susceptibility and specific heat have been measuredqson a series of
(Ce.g@?&,015)@~pt3crystals. Detaiiedanalysisof the specific heat is complicatedby a
low-temperatureupturn in CY1’that scales approximatelywith the spin of the rare-earth

dopant. However, a linear extrapolation of C/T vs ~ from above the upturn to T=!)

gives Cm lT=Q=50k20mJhnoleCeKz for all seven rare-earth dopants, This resuh

argues again that chemical pressure is not a dominanteffect and that the increase in ~

for small x is independent of the mugnetic character of the substituted element as

expectedsb in a Kondo-hole interpretation, provided the low-temperature tail in UT is

not intrinsic to the correlated-electrongrwnd state, This last point has not been re”



solved and deserves further attention, particularlyin light of resistivityand susceptibility
measurementsthat exhibit non-monotonictrendswith RE substituents. Most pronounced
is the resistivity that tends toward metallization for rare-earhs lighter than Ho and
toward more strongly semiconductingbehaviorfor heavierrare eanhs.

Although arguments have been made that chemical pressure is not a dominant

effect in s~bstitutedalloys, pressuredoes play a role. Shown in Figure 8 is the resistance

of (Ce.g@a.015)3Bi&t3 at applied pressures to 18 kbar. The temperature-dependent

resistance at ambient pressure is typical of (~.f#E.()@3B~3 compounds for rare-
cartks lighter than Ho and of mixed-valentmetals, eg. CePd3,in which the Ce sublattice

periodicity has been broken by non-magnetic or magnetic substitutions% With
increasing pressure (increasinghybridization) there is a clear t.mndfor the resistance to
approach that of the undoped compound. A linear extrapolation between the lattice

parameters of La3Bi4Pt3and Ce3Bi4Pt3,combined with a bulk modulus of 950 kbar,

allows an estimate of -3 kbar for the negative chemical pressure induced by substituting
the larger La atom for Ce. Althoughlocal chemical pressurearound the doparttmust be

larger than this estimate, the data of Fig. 8 suggest an applied pressure of 30 to 40 kbar
would be required to reproduce o(T) of undoped Ce3Bi4Pt3. Comparison of data for

P=12.4and 18.0kbar shows a qualitativechangein the low-temperaturedependenceof

P(T) that could be associated with a metal-insulator transition in the Kondo-hole band
that is formed by La substitutions. Higher pressure experiments on this rnatetial and on

more heavilydoped compoundswouldbe helpful in clarifying this possibility.

Atttmpts to replace Cc with tetravalent ions, such as Zr and Th, have been

unsuccessful in Ce3Bi.4Pt3.However,a pronouncedasymmetry has been obsewed37in

@i-versustetravakmt doping in the Kondo insulators, orthorhombic CeRbSb and cubic
U3SbAPt3.Substituting 10%Lain CeRbSbdestroys the small, - 7K, gap; whereas the

same amount of Zr makes the sample more resistive at all temperatures below 300K.
Three percent Y or Lu in U3SbAPt3decreases the low-temperature resistivity and

enhances the electronic specific heat by about one order of magnitude. On the other hand
up to 10%Th additioncausesno changein ~.

DISCUSSION

The body of data presented for Ce3Bi4Pt~and existing in the literature for related
small-gap semiconductors is consistent with their being Kondo-like metals at tempera-
tures T > Eg/kD. Purely trivalent, isostruclural analogues are normal metals at all

temperatures; whereas, isostructural compounds formed wi’~ an element having the

anomalousvalence of the rare-earth it replaces,e.g., tetravalentelements replacing Ce or



divalent elements replacing Sm or Yb, often are conventionalsemiconductors13.21.An

example is EuBG,in which Eu is divalentand whichhas a large gap, but SmB6,in which

Sm is nearly triva.len~ has a small aemiconducting gap. The existence of these
isostructuralconventionalsemiconductorsindicatesthat the band structurenear the Fermi
level in Kondo insulators is relatively simple. We believe this is why most Kondo

insulators form in cubic crystal structures, ie., very loosely, simple crystal and band

structuresare mutuallycompatible.

The modestly large electronic specific heat that develops when the Kondo

insulator is xnetallizedby dopingQ38 or by pressure3,quasi-elasticneutron scattering at
high temperatures that evolves in!~ a well-defined gap in the spin-spin ccxmlation

function at low tempertmmls, and the inter-relationship between 4f-derived thermal

expansion, static susceptibility and the spin gap are incontrovertibleevidence that the

charge-excitationgap originates from spirdchangehybridizationbetween the 4f electron
and the underlying s,p,ciband structure. In mixed-valentmetals this behavior is believed
to be described by the Anderson Lattice Hamiltonian. In this model many-body
interactions renormalize the bare f level to be degenerate with the conduction band,

aliowing hybridization between conduction electrons and the renormalized f level.

Generally there will be more than one conduction band crossing the Fermi level and in

this case it is easy to argue that the resulting hybridized-bandstmctu’e will produce a

metallicground statezl. However, if there is only &single conduction band cutting EF

and the electron counb whichincludes the strongly interactingf-electrons, is exactly two,

the lower-hybridized band will be filied and the upper band empty. Under these

conditions, a mean-field treatment of the AndersonLattice Hamiltonian predicts3go~an

indirect gap for excitations from the zonecenter to zone boundaryproportionalto

{1-nf)V2D,where nf is the f occupation, V is the hybridizationmatrix element and D is

the ccmduction-ba.pddensity of states. This interpretation**has a number of intenx.ing

consequences: at temperaturesgreater than Eg/kD,the physics of Kondo insulators and

metals is idermcal; t!!e low-temperature transport and magnetic gaps have a common

origin and should be of comparablemagnitude,as experimentallyobserved; the existence

of isostructural compounds having a conventional semiconductinggap, ie., not induced

by electronic comclations,providesexperimentalproof that the Fermi- surface volume, in
these cmes zero, is independent of the Coulomb repulsion U, as expected from

Luttinger’stheoremzl,3g;an asymmetry in the thermodynamics is expected3gbetwee~

e!ectron and hole doping, as observed, because Coulomb interactions fmbid doping by

more than one electron per f ion but there is no such restriction for hole doping; and the
temperature dependence of the static susceptibility below Tx arises from int.mband



processes allowed by thermal population of holes at finite T, i.e., interactions,
characterimd by a Curie-WeissQp are not required to explain%(T)at low T.

CONCLUSIONS
Kondoinsulatorsappear to be an unusuallysimple realizationof the AiderSon Lattice

Hamiltoniax!in which the lower-hybndizahon band is exactly ftied, or in Kondo lan-

guage, the l?+brikosov-SuMresonanceexactly fW a Brillouin zone. As such, thii class

of materials offers the possibilityof detailed comparisonbetweentheorj and experiment
and the hope of a more completeunderstandingof both strongly-correlatedinsulators and
metals.
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,Fig. 3. (a) Cubic lask pametrr, &urmlned by $Mvcld andyxls O(mmmdifbacdca ~ of
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Footnotes
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‘0 SrnctJy,b model is fot a doubly dcpcme groundUSLC.Inclastk Mutrtmtcatdn~ (Rd. 15)
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